Sediment characteristics are well known to interfere with toxicity, mainly through 3 differences in terms of bioavailability. Here, with chironomids exposed to zinc in an artificial 4 and a field sediment, we investigated the differences of zinc accumulation and of effects on 5 the life cycle, at individual and population level. We used biology and energy-based modeling 6 to analyze the data at all the levels of biological organization. This permits a reliable 7 estimation of thresholds values. Bioavailability accounted for most of the differences between 8 the results for both sediments (a factor of 11 for differences from 20 to 100 depending on the 9 parameter which is considered). Taking into account bioavailability and background 10 variability, the differences relative to thresholds could be accounted for. However, it appeared 11 that, once the threshold was passed, effects were much more pronounced for organisms 12 exposed to artificial sediment compared to field sediment. We concluded that some sediment 13 characteristics can enhance toxicity, whatever the compound bioavailability, even if the latter 14 was the major source of differences in our study. 
of exposure concentration (Driscoll and Landrum, 1997 ; Hwang et al., 2001) . In a previous 5 paper ( Péry et al., in press), we used a mechanistic effects model to link effects and internal 6 concentration to avoid these confounding factors. We analysed copper-spiked sediment sediments. In contrast, no effect concentration expressed in terms of body residues did not 10 depend on the sediment characteristics.
11
However, sediment physicochemical characteristics, like particle size distribution or 12 organic matter content, can also greatly influence survival, growth and reproduction of the 13 midges and interfere with feeding levels apart from their influence on body residues. Ristola 14 et al. (1999) showed that organic content was a confounding factor but not the only one. In 15 their experiment with clean sediments, larvae grew best in sandy sediments with low organic 16 carbon content (0.5 %). We also showed that, even in ad libitum feeding conditions, clean 17 sediment characteristics had an effect on growth and reproduction (Péry et al., 2003a) . There 18 was a clear link between particle size distribution and growth (up to half a day of delay), and 19 between lipid contents and reproduction (up to 25 % difference in fecundity). 20 Here, we plan to investigate the confounding influence of sediment characteristics on 21 zinc toxicity at individual and population level. This change of scale permits to integrate in 22 one parameter (here carrying capacity) all the effects observed at individual level. 23 Comparisons are performed with effects parameters expressed in terms of body residues to 24 assess any sediment confounding influence other than bioavailability. We should 25 hal-00453761, version 1 -5 Feb 2010 consequently derive information about the necessity and the way to account for sediment 1 characteristics in a risk assessment perspective. 2 Effects of zinc-spiked sediments (a field one and an artificial one with substantially 3 different physicochemical characteristics) are studied on the life cycle of C. riparius. This 4 species is commonly used to assess the toxicity of field or spiked sediments, mainly because it 5 is common in the field at temperate latitudes and valuable for toxicity tests (Callaghan et al., 6 2002). Its life cycle comprises aquatic stages (egg, four larval instars within the sediment, 7 pupa) and an aerial adult stage. Five tests are performed at individual level for both 8 sediments: a growth test for second to fourth instars larvae in ad libitum conditions, a growth 9 test for fourth instars larvae in food-limited conditions, a kinetics test for fourth instars larvae, 10 a reproduction test. These tests are analysed with biology-based models we developed (Péry 11 et al., 2003b ; Ducrot et al., 2004) . The results are then used to derive effects at the population 12 level. To achieve this, we use our model which is based on our biology-based models and 13 allows the study of the effects of toxicants on the carrying capacity (Péry et al., 2004) . 14 15
MATERIALS AND METHODS

17
Sediment spiking
18
We used two different sediments. The artificial sediment was silica sand with the To spike zinc into sediment, we placed 1.98 kg wet sediment into 2 litre jars together 1 with zinc (zinc sulfate heptahydrate) dissolved in 0.8 litres of water. Jars were then rolled 2 during 6 hours, kept at test temperature and swirled manually each day for 10 days.
3
To test the efficiency of the spiking, zinc concentration of the compounds was 4 measured in the spiked sediment and in the overlying water during the experiment at the last 5 day. The measurements were performed by the Laboratoire Santé Environnement Hygiène, 6 Lyon. The test beakers were prepared three days before the beginning of each test. They 10 were filled with 0.1 litre sediment and 0.4 litre water (half from demineralised water and half 11 from an uncontaminated spring near our laboratory; the pH is 8.1 and the conductivity 400 12 µS/cm). They were set in a water bath at 21°C with a 16:8h light:dark photoperiod and water or increase of growth costs) as presented previously (Péry et al., 2003b) . We used the same 7 concentrations as in the growth tests with 5 replicates per concentration and feeding level.
8 Individuals were exposed at the beginning of fourth instar (6 days after hatching) during 4 9 days in ad libitum conditions and 5 days in food-limited conditions. In these conditions, if the 10 physiological mode of action is decrease of feeding, a 60 % effect in ad libitum conditions 11 would result in no effect in food-limited conditions. Indeed, as we showed in (Péry et al., riparius remains receptive for reproduction during their whole life (Downe, 1973) . Thus, the 10 test ended when all females were dead (day 27 of the test in our case).
12
Kinetics tests
13
For each sediment, we followed zinc kinetics in fourth instar larvae for nominal 14 concentrations 0, 700, 1400 and 2100 for the field sediment and 0, 20, 40 and 80 mg/kg for 15 the artificial sediment. Only fourth instars larvae have sufficient dry weight to allow precise 16 chemical measurements. Organisms were exposed to the sediments as described previously 17 (10 organisms per beaker). Three groups of 10 organisms at day 0 and three beakers per 18 concentration at day 1, 2 and 3, were randomly taken, then the larvae were let for ten minutes 19 at room temperature in a 100 ml solution of Afterwards, organisms were freezed at -80°C, freezed-dried and weighted. Before metal 22 analysis, a hot acid mineralization was realised by add of acid nitric (1 ml by 0.5 g wet 23 weight). After 12h 80°C, sample was adjust at a know volume (1 ml) with deionised water 24 and analysed by flame atomic absorption spectrophotometer (AAS The kinetics of chemical compounds are assumed to follow a one-compartment model:
with ke the elimination rate, ce(t) (either in mg/l or in mg/kg) the exposure concentration and 9 ci(t) (in the same units) the concentration in the tissue scaled by the Bioconcentration Factor.
10
The scaled concentration ci(t) is thus proportional to the concentration in the tissue, but has 11 the dimension of an external concentration. The initial internal concentration is estimated 12 through measurements of organisms at the beginning of the tests.
13
The analysis of growth data is detailed in Péry et al. (2003b) . In ad libitum conditions, 14 growth was linear for each instar, with a growth rate depending on the instar: 17 18 where l is the mean length of the organisms, a a constant accounting for feeding rate and the internal concentration is exceeded. Equation (2) becomes then :
In case of decrease of feeding rate, equation (2) becomes :
To analyze reproduction data, two possible modes of action are distinguished: 8 decrease of feeding rate or increase of reproduction energetic costs. In the case of feeding 9 decrease, we assume that reduction of the feeding rate is proportional to (c e -NEC). We do 10 not use the kinetics module for we assume that when reaching the period of energetic Control data were within the usual range for unexposed chironomids in our laboratory 6 (150+/-50 mg/kg), although organisms exposed to control artificial sediment contained more 7 zinc (196 +/-15 mg/kg) than organisms exposed to control field sediment (120 +/-40 mg/kg).
8
We found kinetics to be extremely rapid, for the maximum body residues was already reached 9 after one day of exposure in each experiment. We found bioconcentration factors of 10 respectively 6.62 and 0.594 for artificial and field sediments respectively (Figure 1 ). There is 11 thus a ratio of 11 between both bioconcentration factors accounting for substantial differences 12 in terms of bioavailability. There was no effect on survival for any larval instar. On the contrary, emergence 3 success was affected (Figure 3) . We fitted the data with the Hill equation (Garric et al., 1990) 
Effects at population level
21
The translation at population level is given by Figure 5 . For a given body residue, effects 22 appear to be more pronounced for organisms exposed to artificial sediments compared to field 23 sediments. Moreover, the decrease of the carrying capacity is more rapid in artificial for artificial and field sediments. Beginning of carrying capacity decrease is around respective 1 values of 150 and 350 mg/kg. There is thus a ratio from 2 to 3 between the effects at 2 population level expected for both sediments. In the present study, we were able to model effects of zinc at individual and population sediments. If now we take body residues into account, the differences between NEC values 18 and between b values are respectively around 2 and from 4 to 10. In our study this resulted in 19 differences at population level from 2 to 3.
20
The internal metal concentration taken into account in this study correspond to the 21 total metal body burden. So, the accumulation trace metal in an aquatic invertebrate can 22 therefore be interpreted in terms of two categories -firstly metal in metabolically available 23 form, and secondly metal that has been detoxified and is no longer available to play any role 24 in metabolism essential or deleterious (Rainbow, 2002) . Metal detoxification can take place by way of binding to inducible metal-binding proteins (i.e. Metallothioneins) or through the 1 precipitation of metal into insoluble concretions (Brown, 1982; Roesijadi, 1992 It is also important to realize that usual variability between similar experiments with 10 the midge Chironomus riparius has been within a factor of 3 in our laboratory. This statement 11 corresponds in particular to our data from control charts with more than 40 tests (96-hours 12 survival tests) with chironomids exposed to copper. In the same way, the differences in terms 13 of body residues of control organisms in the present study is of a factor 1.6. 
